Abstract In this work, the Nb-14Si-24Ti-10Cr-2Al-2Hf-0.1Y alloy (at.%) was processed by the liquid-metal-cooled directional solidification (DS) at 1750°C with withdrawal rates of 1.2, 6, 18 mm/min and post heat treatment (HT) at 1450°C for 10 h. The microstructures of the directionally solidified and heat treated samples were investigated. The results show that the microstructure of directionally solidified alloy mainly consists of petaloid Nb ss + Nb 5 Si 3 eutectics and Ti-rich Nb ss + Nb 5 Si 3 + Cr 2 Nb eutectics. With the increase of withdrawal rate, the primary Nb 5 Si 3 is eliminated, Nb ss + Nb 5 Si 3 eutectic cells turn round and connected with the microstructure refinement and Nb ss + Nb 5 Si 3 + Cr 2 Nb eutectics turn to a river-like morphology. After heat treatment, Nb ss + Nb 5 Si 3 + Cr 2 Nb eutectics disappeared and petaloid Nb ss + Nb 5 Si 3 eutectics turn to a specific fiber-mesh structure gradually, which is promoted by higher withdrawal rates. Furthermore, both the volume fraction of Cr 2 Nb and the content of Cr in Nb ss of Nb ss + Nb 5 Si 3 eutectics change regularly with the increase of withdrawal rate and heat treatment at 1450°C for 10 h.
Introduction
Niobium-silicides based alloys are expected to be promising candidate materials for the next generation of aircraft engine due to their notably high melting points, moderate density, high stiffness and good strength retention at high temperatures. [1] [2] [3] [4] [5] In niobium-silicides based alloys, Nb solid solution (Nb ss ) provides the ambient temperature fracture toughness, the silicides (Nb 5 Si 3 and Nb 3 Si) supply high temperature strength and Cr 2 Nb with silicides together contributes to high temperature oxidation resistance. 6, 7 Characteristics of the above constituent phases including the fraction volume, morphology, distribution and composition have an impact on the balance of properties at both ambient and high temperatures. [8] [9] [10] Therefore, microstructure controlling and optimizing of Nb-Si based alloys are of great significance.
In previous work, 11 we investigated the microstructures and properties of Nb-16Si-22Ti-2Al-2Hf-17Cr alloy. However, the large-size silicides in the hypereutectic alloys prejudiced the room temperature fracture toughness. In order to obtain excellent fracture toughness, Si addition was decreased to eliminate primary silicides and minor active element Y 12 was added to reduce the content of the impurity elements.
In addition to the alloy composition, processing technologies are effective means to optimize the microstructure, 13, 14 and directional solidification has been proved to improve the high temperature strength with Nb ss and intermetallic phases well aligned along the growth direction. 15, 16 Moreover, appropriate heat treatment could alleviate solute segregation and eliminate unstable phases. 17, 18 In this study, an Nb-14Si-24Ti-10Cr-2Al-2Hf-0.1Y (at.%) alloy was directionally solidified by liquid-metal-cooled method and then heat treated. The purpose of this the present work was to investigate the effects of withdrawal rate and heat treatment on the morphology, distribution, composition and volume fraction of the constituent phases.
Experimental
With the nominal composition of Nb-14Si-24Ti-10Cr-2Al-2Hf-0.1Y, a master alloy button, weighing approximately 1.5 kg, was prepared by vacuum non-consumable arc-melting (VCAM). The alloy button was melted four times to ensure chemical homogeneity. Master alloy rods with 13 mm in diameter were cut from the ingot by electro-discharge machining (EDM). An Al 2 O 3 crucible with layer of high purity Y 2 O 3 in the interior wall surface was used for directional solidification. Directional solidification was conducted in a vertical Bridgman furnace and liquid metal cooling method. After holding for 20 min at 1750°C in the atmosphere of argon, samples were withdrawn at 1.2, 6, 18 mm/min respectively and the withdrawal distance was set to be 160 mm. The samples were cut open longitudinally from the middle, half of which were then heat treated at 1450°C for 10 h in a high vacuum heat treatment furnace. Directionally solidified samples at 1.2, 6, 18 mm/min were marked as DS1.2, DS06, DS18, and the subsequent heat treated samples were marked as HT1.2, HT06, HT18. All the samples were chosen from the steady-state area. Microstructure analysis was performed in a scanning electron microscope (SEM, QUANTA600) equipped with an energy dispersive X-ray spectroscopy (EDS, INCAPentaFETx3). The EDS results given in this paper were average values of three measurements. The phases were identified by the X-ray diffraction (XRD, D/max2200pc, Cu K a ). Fig. 2(e) ), while in DS06 and DS18 they turned smoother and rounder. As shown in Fig. 2(f) , the boundary of cell A and cell B in DS06 sample were semicircular and round respectively. In DS18 sample, with the microstructure refinement, Nb ss + Nb 5 Si 3 eutectic cells turned smoother and Nb ss in the exterior margin of eutectic cells became connected, as shown in Fig. 2(h Fig. 2(e) . With the increase of withdrawal rate, the single-phase Cr 2 Nb disappeared. In DS18 sample, with a decreased content of Cr 2 Nb in Nb ss + Nb 5 Si 3 + Cr 2 Nb eutectics, the constituent phases in Nb ss + Nb 5 Si 3 + Cr 2 Nb eutectics distributed evenly and uniformly, presenting a river-like eutectic morphology, as shown in Fig. 2(d) and (h). Fig. 3 illustrates the XRD patterns of HT samples with different withdrawal rates. Combining EDS results shown in Table 2 , it can be seen that HT samples were also composed of Nb ss , a-Nb 5 Si 3 and Cr 2 Nb. The structure type of Nb 5 Si 3 did not change after heat treatment at 1450°C for 10 h. continuous to form a meshy matrix. With smoother boundaries, Nb 5 Si 3 were inclined to be spheroidized and distributed discretely as fibers in the meshy matrix of Nb ss . Therefore, a specific fiber-mesh structure was obtained, as shown in Fig. 4 
Microstructure of the subsequent heat treatment (HT) samples

(e), (f) and (g).
With the connection of Nbss, the boundaries of Nb ss + Nb 5 Si 3 eutectic cells turned blurry and the shape of transverse sections was no longer regularly round or tetragonal. Furthermore, Ti-rich Nb ss + Nb 5 Si 3 + Cr 2 Nb eutectics disappeared while Cr 2 Nb still remained, as shown in Fig. 4  (d) and (e). After heat treatment, the volume fraction of Cr 2 Nb decreased from 3.0% in HT1.2 to 1.4% in HT06 approximately. While in HT18, the volume fraction of Cr 2 Nb was less than 1%.
In HT samples, with the increase of withdrawal rate, the volume fraction of the fiber-mesh structure increased while the petaloid Nb ss + Nb 5 Si 3 eutectics decreased. In HT 1.2 sample, in the region beyond the petaloid Nb ss + Nb 5 Si 3 eutectics, Nb 5 Si 3 stayed continuous as matrix though Nb ss had connected to some extent, as shown in Fig. 4(d) . Therefore, the fiber-mesh structure mentioned above was not formed yet. In HT06 sample, the newly-formed fiber-mesh structure was distinguished with petaloid Nb ss + Nb 5 Si 3 eutectic cells, as shown in Fig. 4(e) . While in HT18, the microstructure had totally transformed from petaloid Nb ss + Nb 5 Si 3 eutectics to the specific fiber-mesh structure, as shown in Fig. 4(f) and (g). This finding revealed that higher withdrawal rate could promote the microstructure transformation above during this heat treatment.
Discussion
Solidification path
The EDS result of the river-like Nb 5 Si 3 + Nb ss + Cr 2 Nb eutectic in Fig. 2h was shown in Table 1 . It could be seen that the contents of Ti and Cr, whose freezing points were relatively low, were both higher than their contents in Nb ss + Nb 5-Si 3 + Cr 2 Nb eutectic. Combining this result with the fact that the Nb 5 Si 3 + Nb ss + Cr 2 Nb eutectics existed in the intercellular region, it could be accordingly deduced that Nb 5 Si 3 + Nb ss + Cr 2 Nb eutectics were solidified after Nb ss + Nb 5 Si 3 eutectics during directional solidification. Therefore, the solidification path of the DS18 sample was 
Content change of Cr
As shown in Table 1 and Table 2 21 concluded through investigation that Cr content in Nb ss grew up with the increase of Ti/Nb ratio in Nb ss . It could be seen from Table 1 that, with the increase of withdrawal rate, the content of Ti in Nb ss increased while the content of Nb went the other way, which pushed up the Ti/Nb ratio and hence caused the increase of Cr content in Nb ss.
After heat treatment, the content of Cr in Nb ss increased further. This change was thought to be related with the decrease of Cr 2 Nb. Cr in Cr 2 Nb would diffuse to adjacent phases including Nb 5 Si 3 and Nb ss . While Cr in Nb 5 Si 3 did not increase noticeably, the majority of Cr diffused into Nb ss . Furthermore, Ti/Nb ratio in Nb ss increased further after heat treatment, which could also promote the solid solution content of Cr in Nb ss .
As described in Section 3.1, the volume fraction of Cr 2 Nb decreased with the increase of withdrawal rate in DS samples. This change closely related to solute diffusion during solidification. As analyzed in Section 4.1, Nb ss + Nb 5 Si 3 eutectics were preferential precipitated compared to Cr 2 Nb in low-melting point region. High withdrawal rate accelerated the solidification of Nb ss + Nb 5 Si 3 eutectics, hindering the diffusion of low-melting point elements including Cr and Ti from Nb ss + Nb 5 Si 3 eutectic to the residual liquid, which could be confirmed with the increase of Cr and Ti in Nb ss as shown in Table 1 and Table 2 . Hence, the content of Cr in residual liquid decreased, which caused the volume fraction decrease of Cr 2 Nb.
As a significant alloying element to Nb-Si based composites, the content of Cr in both compounded and dissociative forms would definitely affect the materials performance such as oxidation resistance at high temperature and fracture toughness at room temperature. 22, 23 In this work, Cr content in Nb ss and the volume fraction of Cr 2 Nb could be both regularly controlled through the withdrawal rate of directional solidification and the subsequent heat treatment.
Conclusions
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